Ignition delays and temperatures of cool flame of isolated n-decane/ethanol binary-fuel droplets in hot air were experimentally measured under microgravity and normal gravity by thermocouples. The droplet diameter was about 1 mm. Ambient pressure was atmospheric pressure, and ambient temperature was 620 K or 660 K under microgravity and varied between 580 K and 780 K under normal gravity, where only cool flame appears for pure n-decane droplets. Mole fraction of ethanol of the binary-fuel was varied. Near the droplet were placed three hot junctions of K-type thermocouples with a diameter of 25 mm. The droplet center and the three hot junctions were arrayed in a straight line with a constant distance of 2 mm. Both under normal gravity and microgravity, ignition delay decreased with increasing ambient temperature and increased with more addition of ethanol to n-decane. Fuel composition or ambient temperature affected cool-flame temperature very little under microgravity.
Introduction
An isolated fuel droplet has been studied by many researchers as the simplest model of a fuel spray. Though droplets in a spray are very fine, large droplets whose diameters are typically 1 mm are often treated in most experimental studies to secure spatial and temporal resolutions in observation.
Such large droplets are affected by buoyancy, while fine droplets are affected very little. Therefore, it is essential that the experiments with large droplets are performed in microgravity. Spontaneous ignition of a droplet in a hot air is important as a fundamental study for prediction of ignition delays of sprays.
It is well known that the low-temperature oxidation reactions, which induce cool flame, are the dominant reactions for spontaneous ignition of most hydrocarbon fuels 1) . Tanabe et al. 2) revealed the role of cool flame in the two-stage ignition process (cool-and hot-flame appearances) of n-alkane droplets experimentally through interferometry. Moriue et al. 3) measured ignition delays of cool flame and hot flame for many kinds of n-alkane droplets in the wide ranges of ambient temperature and pressure. Schnaubelt et al. 4) compared the experimental results in microgravity, where the effect of buoyancy is strongly reduced, with a numerical model with a detailed chemical reaction model, and verified the model quantitatively. The experimental measurements were, however, done only in terms of ignition delays of cool flame and hot flame so far, and a measurement of gas-phase temperature around the droplet is still missing. Since cool-flame temperature controls the ignition delay of hot flame in the two-stage ignition, it is important to have the information on heat release history around the droplet.
Gas-phase temperature measurement can give fundamental knowledge on the low-temperature oxidation reactions of fuel droplets, and will help further refinement of the numerical model. Today in order to preserve petroleum and to reduce the emission of carbon dioxide, the utilization of bio-fuels is prevailing. Ethanol is one of them. The main way of use is its addition to the fuels refined from crude petroleum. Ethanol is known as a fuel that does not have low-temperature oxidation reactions, while alkanes, main components of the refined fuels, do.
Since the fundamental mechanisms such as vaporization and chemical reactions greatly depend on fuel composition, it is important to study on the spontaneous-ignition behaviors of alkane/ethanol binary-fuel droplets. Some of the previous studies treated the spontaneous ignition of binary-fuel droplets [5] [6] [7] [8] . However, most of them studied hydrocarbon/hydrocarbon fuels, and the study on hydrocarbon/alcohol fuel is very limited 8) . In the present study, spontaneous ignition of an n-decane/ethanol binary-fuel droplet in a hot air was experimentally studied at atmospheric pressure. From the previous studies, it is known that there is no ambient temperature range where two-stage ignition is observed for pure n-decane droplets at atmospheric pressure, and that only cool flame appears at relatively low temperatures. The ambient temperature was set to be in this range in the present study so that the study may have emphasis on cool-flame behaviors.
Gas-phase temperature near the droplet was measured by thermocouples. Droplet diameter was also obtained. The experiments were performed in microgravity to get rid of the effect of buoyancy.
Experimental Apparatus and Procedure
A schematic of the experimental apparatus is shown in Fig. 1 . A fuel droplet with a diameter of about 1 mm was generated at the tip of a horizontally-placed quartz suspender with a diameter of 125 μm. The binary fuel of n-decane and ethanol of a desired mixture ratio had been already prepared before it was supplied to the suspender tip. Normal boiling points of n-decane and ethanol are 447 K and 351 K, respectively. Two fuels are miscible. Five kinds of binary-fuels were prepared: 0, 25, 50, 75, 85 % in mole fraction of ethanol. Thus, the effect of fuel composition was examined. Here, not volume fraction but mole fraction was employed to express fuel composition, since liquid/gas phase equilibrium on the droplet surface is governed by mole fraction. Over the droplet was placed an electric furnace, whose inside temperature was automatically controlled to be a desired value. The droplet was brought into the furnace and thus exposed from room temperature to high temperature. Over the droplet were placed three hot junctions of K-type thermocouples with a diameter of 25 μm. The droplet center and the three hot junctions were arrayed in a straight line with a constant distance of 2 mm, and the thermocouples traveled together with the droplet into the furnace.
Because of their arrangement, the thermocouples enter the furnace prior to the droplet. Their outputs were recorded with a frequency of 500 Hz. The microgravity experiments were performed at Micro-Gravity Laboratory of Japan (MGLAB).
The droplet was generated while the drop capsule was hanging. After the capsule release, it was brought into the furnace. The ambient temperature (air temperature in the furnace) was 620 K or 660 K. Neither n-decane droplet nor ethanol droplet yields hot flame at these ambient temperatures. A pure ethanol droplet does not yield cool flame at these ambient temperatures, while a pure n-decane droplet does.
Results

3.1.
Definition of cool-flame ignition delay and cool-flame temperature Figure 2 shows gas-phase temperature histories near the droplet for ambient temperature of 600 K and mole fraction of ethanol of 25 % in normal gravity. The legends show the distances from the droplet center. The origin of time was defined as the moment when the droplet had completed its travel. Cool-flame appearance was detected at about 1.6 s by all thermocouples. A steep temperature distribution after cool-flame appearance is recognized. The thermocouple closest to the droplet shows the highest temperature. Hot flame was not detected.
Cool-flame ignition delay and cool-flame temperature were evaluated from the thermocouple outputs for each experiment. The moment of cool-flame ignition was defined as the moment when any of three thermocouples had detected a relevant temperature rise. Cool-flame temperature was defined as the highest temperature measured among three thermocouples and during the measurement.
The highest values were obtained by the thermocouple closest (2 mm) to the droplet for all the experiments. Figure 3 shows the dependence of cool-flame ignition delay on ambient temperature for several mole fractions of ethanol in normal gravity. Legends denote mole fraction of ethanol. Cool-flame ignition delay decreases monotonically with increasing ambient temperature for all fuel compositions. This tendency of pure n-decane holds even for binary fuel. Higher ambient temperature leads to shorter heat-up period of droplets and shorter induction period for the low-temperature oxidation reactions to be activated.
Cool-flame characteristics in normal gravity
No hot flame appeared in the Ph_8 ambient-temperature range examined at atmospheric pressure, while hot flame should appear in the higher ambient-temperature range unexamined in the present study. With the ambient temperature fixed, larger mole fraction on ethanol leads to longer cool-flame ignition delay. Pure ethanol droplets did not induce any heat release in the examined ambient temperature range though it is not shown in the figure. They only vaporized without ignition. The lowest ambient temperature for cool-flame ignition is shown in the figure for each mole fraction of ethanol with the resolution of 10 K. This value increases with increasing mole fraction of ethanol. Ethanol does not yield cool flame. Besides it has lower chemical reactivity compared with n-decane. Therefore, cool flame of a binary-fuel droplet is derived from n-decane composition. Dilution of n-decane by ethanol obstructs cool-flame appearance. Higher volatility of ethanol is expected to emphasize this effect because it is supposed to evaporate mainly prior to n-decane. Figure 4 shows the dependence of cool-flame temperature on ambient temperature for several mole fractions of ethanol in normal gravity.
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temperature increases monotonically with increasing ambient temperature for all fuel compositions. The tendency of pure n-decane holds even for binary fuel. With the ambient temperature fixed, larger mole fraction on ethanol leads to lower cool-flame temperature.
Effects of fuel composition on cool-flame behaviors in microgravity
The effects of fuel composition on cool-flame behaviors were further investigated in microgravity. Figure 5 shows the relation between cool-flame ignition delay and fuel composition for two ambient temperatures. As expected, more addition of ethanol to n-decane leads to longer ignition delay, since pure ethanol does not yield cool flame. This tendency is the same as that in normal gravity. It is, however, remarkable that cool flame did still appear even when n-decane was rather diluted even though ignition delay was rather prolonged. Ignition limit in terms of mole fraction of ethanol was not identified because of the limitation of available microgravity duration. Figure 6 shows the relation between cool-flame temperature and fuel composition for two ambient temperatures.
When two ambient temperatures are compared first, ambient-temperature dependence of cool-flame temperature is rather small unlike in normal gravity. This is already observed for pure n-decane droplets 9) . This is supposed to be due to inhomogeneity in fuel concentration.
As the droplet evaporates, distribution of fuel concentration develops around the droplet.
Thus, independent of ambient temperature, there exists a location preferable for the low-temperature oxidation reactions in terms of equivalence ratio somewhere in the distribution. Therefore cool-flame temperature is almost constant. In normal gravity, such concentric fuel-concentration distribution is disturbed by natural convection, and this is supposed to be the reason that almost constant cool-flame temperature is not obtained.
Ambient-temperature dependence of cool-flame temperature is still rather small even for large mole fraction of ethanol in microgravity.
The explanation above seems to be valid even for binary fuel droplets, where only one component is responsible for cool-flame appearance.
When the effect of fuel composition is discussed, fuel composition affects cool-flame temperature only a little contrary to the case of cool-flame ignition delay. The obtained results imply that the dilution of n-decane by ethanol only delayed the formation of n-decane vapor (Note that ethanol evaporates mainly prior to n-decane because of higher volatility.), and that the low-temperature oxidation reactions of n-decane to induce cool flame started after enough amount of vapor layer of n-decane was formed, and therefore the cool-flame temperature was little affected. The reason that this tendency was not observed in normal gravity is also supposed to be the disturbance of fuel-concentration distribution by natural convection.
Conclusions
Cool-flame appearance around an n-decane/ethanol binary-fuel droplet in a hot air between 580 K and 780 K was experimentally observed at atmospheric pressure in normal gravity and in microgravity. Temperature near the droplet was measured with three thermocouples simultaneously.
Cool-flame appearance led to temperature distribution in a radial direction, and the temperature in the location closest to the droplet (2 mm away from the droplet center) was the highest for all the experimental conditions studied. Cool-flame ignition delay increased with more addition of ethanol to n-decane, while fuel composition affected cool-flame temperature little. It implies that the dilution of n-decane by ethanol only delayed the formation of n-decane vapor and gave little additional significant effect.
